The volume, morphology and composition of atherosclerotic plaque play an important role in coronary artery disease and in long-term outcome of coronary interventions and pharmaceutical strategies. 
Introduction
Intracoronary ultrasound (ICUS) is used as a tomographic imaging technique to visualize the vessel wall morphology and to identify atherosclerotic plaque [ 11. To examine a selected coronary vessel segment an ICUS imaging catheter is pulled back through the coronary artery, meanwhile acquiring a series of cross sectional images. Three-dimensional (3D) reconstruction of the segment and contour tracing in the ICUS images facilitate subsequent quantitative coronary ultrasound (QCU) analysis and qualifies ICUS to be used in [7] .
Manual classification of tissue in the ICUS images for an entire 3D segment is very time-consuming, and potentially error prone. The analyst has to judge the high number of ICUS images (typically 1500 images per minute pullback acquired at a speed of 0.5 mm/s) in a consistent way, which may result in large inter-and intraobserver variability. Moreover, the human eye can discriminate only about 32 levels of grey, while the ultrasound images can contain 256 levels. Computerassisted grey level interpretation (labelling) and measurement in an entire 3D segment can overcome these problems. Therefore we developed a method, based on video-densitometry, that can automatically label plaque tissue and quantify each labelled type in an existing ICUS pullback. This paper describes this method and shows how the results are presented and visualized in the new research tool. 
2.

Methods
2.1.
ICUS analysis
In our method, QCSU analysis is performed in longitudinal displays views (L-views) using the CURAD (Curad BV, Wijk bij Duurstede, Netherlands) analysis s o h a r e [8] (see figure 1) . In most cases only four Lviews, containing two contours per view, are needed for a complete analysis. Occasionally a fifth L-view with a 9' contour is added to accommodate extreme eccentricity of the vessel. The analysis software is able to fully exploit automated contour detection algorithms in L-views to provide maximal reproducible analysis results with minimal intra-and inter-server variability. AAer performing QCU, the borders of the external elastic membrane (EEM) and the lumen enclose a volume that is used as a region of interest for plaque identification. The Curad analysis software [8] allows contour tracing in the longitudinal views displayed on the right. Lumen and media contouis are used to identify plaque. If available, a stent contour is used to define a region of interest for implanted stents.
Characterization using echogenicity
Unfortunately, there is no absolute classification map that prescribes which grey values in the plaque volume correspond to which tissue type. Different gain settings of ultrasound machines as well as different catheter types and machines [6] can cause the same structure appear in a different part of the grey spectrum.
To normalize for this behaviour the mean grey level of the adventita, located outside the EEM can be used as a discriminator between hypoechogenic and hyperechogenic tissue [3] (figure 2). Fibrous plaque can now be characterized as tissue that has a density that is similar or higher than that of the adventitia and hence will appear in grey levels that are mainly higher than that of the mean grey value of the adventitia [5-71. Analogous, softer material has a lower grey value. In order to calculate the mean adventitia intensity (MAI), areas in the cross sections that represent shadow must be excluded to prevent a bias towards the dark part of the grey spectrum. Therefore, a rough estimate of shadow regions is made and excluded from further calculation. To examine the adventitia pixels for shadow, the image is divided into small 2 degree wide wedges that originate from the catheter center. In order to cover only true tissue data, the wedges are bounded either by the rectangular image boundary or by a user defined circular mask that indicates the area in the image where true echo data is present, whichever comes first. A radial scanning loop is used to judge all 180 wedges.
For all non-shadowed adventitia pixels, the mean value and standard deviation is calculated. To observe the suitability of the above mentioned clearing of shadow regions, a histogram of the residual adventitia pixels is created with an overlay of a standard normal probability distribution based on the the same mean and having the same standard deviation (figure 3). In case of a good match of histogram and standard normal curve, one can assume the MA1 to be a correct parameter. Figure 3 . The adventitia pixels that remain after shadow exclusion follow a normal distribution.
The discrimination consists of the straightforward applying of the calculated MAI as a threshold to each cross-sectional image.
In addition, three other types can be identified as well: If acoustical shadow is present behind a highly echogenic spot, the tissue is likely to represent calcification. The highly echogenic parts are characterized as calcium. Although the shadowed parts also contain real tissue data, they are classified as unknown [7] tissue, since they are pictured in black in the image.
For the third tissue category, an upper discrimination threshold is set in addition to the MAI. This threshold value serves as an upper limit for the hyperechogenic region and is set to the MAI plus two times its standard deviation. All dense tissue that has a higher grey value than this threshold does not account for regular tissue, (stent-struts, calcifications with and without acoustical shadowing) and is characterized as 'upper' volume. Every cross section can be inspected individually and the location of the different tissue types is visualized as a color overlay shown in the lower cross section, next to the histogram in figure 4 .
Results
QCU analysis provides all volumetric measurement
The quantitative results are stored in a separate report. Separate volumes are presented for: hyperechogenic, hypoechogenic, 'upper', calcium, unknown tissue and total plaque volume. Plaque tissue volume is expressed as that part of the region of interest that can be classified as either hyperechogenic or hypoechogenic tissue. The calcium, unknown and upper volume are presented separately, although they may overlap each other, as is the case with the upper volume that will include calcium spots as well. For every tissue type the percentage of the total volume is also displayed to allow easy comparison in the case of baseline and follow-up studies for the same patient.
As an additional visual aid, the plaque volume can be reconstructed as a rendered 3D object, which colorlabels hyperechogenic volumes in green and the hypoechogenic ones in red. (figure 5). 
Discussion
It is difficult to manually assess video-densitometry measurements on a large number of ICUS images and nearly all studies use only a few frames per patient.
However, evaluation within our tool learned that plaque composition differs largely from frame to frame. Automated grey level interpretation can produce consistent results and facilitates the examination of longer segments with videodensitometry. This also opens a new perspective on the evaluation of progressionregression studies. Plaque characterization can now easily be done in the same segment at baseline and follow-up.
Our method uses gated pullhacks to obtain good QCU results and to ensure anatomical correctness, which is important since the volumetric measurements in the plaque characterization tool depend on a proper 3D reconstruction.
Image segmentation has to be performed before the adventitia cin be found. Some studies demonstrated that spectral analysis of the radiofrequency (RF) data from the Unfortunately, the identification of affected lesions with ultrasound in general is very dificult and may require new catheters before the high-resolution signal can be fhUy understood in relation to histological data.
5.
Limitations
Grey level mapping and its dynamic range are dependent on the abilities of the video conversion systems in the ultrasound machines. Nevertheless, our histogram showed a good distribution in 94% of 68 randomly selected analogous tapes from one study.
Currently, the presented method is being validated invitro. Histological correlation with our ultrasound fmdings will quantify the discrimination performance of the tool and might give rise to optimize the characterization process further and/or proves its correctness.
6.
Conclusion
In conjunction with proper QCU analysis software, computer assisted interpretation of grey levels and measurement in ultrasound images can contribute to the assessment of qualitative and quantitative information on the plaque composition of analyzed 3D coronary segments. Preliminary evaluation showed good results and initiated an in-vitro validation procedure.
